The crystal structure of hydrothermally synthesized Rb-feldspar (monoclinic, space group C2/m, a = 8.839 (2) There are two geochemical implications from this refinement: (1) identification of both rubicline triclinic with (Al,Si) ordered distribution and synthetic monoclinic RbAlSi 3 O 8 with (Al,Si) disordered distribution implies that Rb cannot be one of factors disrupting the (Al,Si) ordered and disordered distributions in feldspars; and (2) natural and synthetic feldspars capable of accommodating the large cations tend to incorporate &Si 4 O 8 , excess Al and H 2 O components in their crystal structures.
Introduction
RUBICLINE, the Rb analogue of microcline, (Rb,K)AlSi 3 O 8 , ideally RbAlSi 3 O 8 , occurs in several kinds of granitic pegmatites (Teertstra et al., 1997 (Teertstra et al., , 1998b (Teertstra et al., , 1999a . The chemical analyses by electron microprobe show that the 'excess-Si' &Si 4 O 8 component is normally incorporated into rubiclines, where the maximum limit of solubility is~5 mol.% &Si 4 O 8 (Teertstra et al., 1998a) . However, pure RbAlSi 3 O 8 feldspar has never been discovered in nature (e.g. 91 mol.% in Teertstra et al., 1997; 73 mol.% in Teertstra et al., 1998b, etc.) , and it is not known whether the chemical compositions of Rb-feldspars previously synthesized (e.g. Gasperin, 1971; Voncken et al., 1993) have a stoichiometric RbAlSi 3 O 8 composition.
Synthetic Rb-feldspars were grouped topologically into two kinds: (1) the monoclinic structures with space group C2/m comparable to sanidine (Barrer and McCallum, 1953; Ghélis and Gasperin, 1970; Gasperin, 1971; Pentinghaus and Bambauer, 1971; Bruno and Pentinghaus, 1974; Voncken et al., 1993; Koval'skii et al., 2000) ; and (2) the triclinic structure with space group C1 analogues to low-microcline (Wietze and Wiswanathan, 1971; Grove and Ito, 1973; McMillan et al., 1980) . The crystal structure of monoclinic synthetic RbAlSi 3 O 8 feldspar was re ned to R = 0.07 using only the isotopic temperature factor (Gasperin, 1971) , but the chemical composition was not checked. Therefore, one of the major problems in Rb-feldspar concerns the relationship between the variation in space group due to (Al,Si) ordering and the solubility of the 'excess-Si' &Si 4 O 8 substitution.
In the present work, we report the re nement of a crystal structure of synthetic non-stoichiometric Rb-feldspar, and discuss the relationship between the structure and deviation from stoichiometry.
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Experimental

Synthesis
Crystals of Rb-feldspar were prepared hydrothermally using the isothermal temperature method. The precursor, a powdered natural albite (Ab 98.8 An 1.0 ) from Minas Gerais, Brazil, was placed in a solvent of RbCl, of which the weight ratio to starting mineral was 20:1. The resulting mixture was inserted into a silver tube containing H 2 O up to a lling level of approximately 50%. This tube was sealed and then placed in an autoclave, held at 4008C and an external pressure of 60 MPa. The largest crystals obtained, 0.1 0.3 mm long, were produced after a run duration of 7 d. The product was a single phase and of high optical quality, albeit often twinned. The crystals were short prismatic and multifaceted with numerous small pores on the surface (Fig. 1) .
Infrared technique
Prior to conducting IR spectroscopy, the samples were heated in an oven at 1108C for 12 h to eliminate H 2 O absorbed from atmospheric humidity. Single-crystal IR spectra were obtained using micro-FTIR spectroscopy (Janssen MFT-2000, JASCO) over the range 4000 2500 cm 1 (Fig. 2) . Averaged scans were 300 at a nominal resolution of 4 cm 1 . The sample was put on the KBr plate with a thickness of 100 mm. The instrument was equipped with a Ge-coated KBr beamsplitter and an MCT detector. The spot size of the beam was~50650 mm. Measurements were made in air at room temperature.
Chemical analysis
The compositions of the crystals obtained were determined by electron microprobe techniques (JEOL superprobe JXA-8621) at the Chemical Analysis Center, University of Tsukuba, using wavelength dispersion spectroscopy (WDS). The analytical conditions were constrained at a 20 kV accelerating voltage and a 10 nA beam current, using a beam size of 10 mm. Major elements (Rb, Na, Al, Si) were measured using the synthetic Rb 2 ZnSi 5 O 12 glass (Rb-La 1 ) (Kohn et al., 1994) , with albite (Na-Ka 1 ), corundum (Al-Ka 1 ) and quartz (Si-Ka 1 ) as standards. The elements K, Ca, Sr, Cs, Ba, Pb, Mn, Mg, Fe, Ga, Ti, Ni, P and F were sought, but not detected. Ten analyses obtained along a line from one edge of the crystal to the other are given in Table 1 .
X-ray data
The selected crystal exhibited sharp extinction and did not show twinning. Data were collected at the Chemical Analysis Center, University of Tsukuba. The crystal was mounted on an EnrafNonius CAD-4 diffractometer, using graphitemonochromatized Mo-Ka X-radiation and frame widths of 0.38 in o, with 60 s spent counting per frame. More than a hemisphere of three-dimensional data was collected within the range of 28 42y 4708 in~72 h. The nal unit-cell dimensions were re ned on the basis of 25 re ections below 2082y using least-squares techniques. Comparison between the intensities of equivalent re ections during the data collection showed no evidence of signi cant decay. The three-dimensional data were integrated and corrected for Lorentz, polarization and background effects using the SDP program (EnrafNonius, 1983 ). An empirical absorption-correction was applied using the c-scan technique. A total of 1787 re ections was collected; merging of equivalent re ections gave 1685 unique re ections with 648 classed as observed (|F o| 5 4s F ). Structure solution and refinement
FTIR spectra
The IR spectrum of the chosen crystal is plotted in Fig. 2 . A clear absorption peak near 3450 cm 1 is due not to humidity absorbed by the sample, but to O H stretching of structural H 2 O molecules (Wilkinson and Sabine, 1973) . The spectra are in good agreement with that of sanidine containing H 2 O molecules in wavenumber as well as in relative intensities (Beran, 1986) . Since the relative intensities of these bands re ect the difference in H 2 O content (Ballirano et al., 1996) , the strong intensities of absorption bands may indicate a high H 2 O content.
Chemistry
In spite of the careful qualitative analyses, Na was not detected in the present crystals. (Table 1) . But Si/Al ratios lower than the ideal (=3.000) corresponding to low Rb cation sums, lying along the same trend for Rbfeldspar (e.g. Teertstra et al., 1999a) , lead to adjustment of the total cation charge (=16.000). These deviat ions from stoichi ometry of RbAlSi 3 O 8 suggest the possibility of nonstoichiometry for this Rb-feldspar. The high T-cations and low M-cations contents are thought to conform to the KAlSi 3 O 8 -RbAlSi 3 O 8 join (Teertstra et al., 1997 (Teertstra et al., , 1998a (Teertstra et al., ,b, 1999a . The number of T-cations must be constrained to 4.000 a.p.f.u. because of unrecognizable defects in T-cations for the general feldspar formula (Smith and Brown, 1988) . Therefore, one of the end-members in the feldspar solid solution corresponds to a &Si 4 O 8 component explaining the ''excess of silica'' (Grundy and Ito, 1974) . Furthermore, excess Al cations are observed for all Rb-feldspars in nature (Teertstra et al., 1998a (Teertstra et al., ,b, 1999a . However, the re ned crystal resists quantitative analysis of its H 2 O content because of its irregular morphology (Fig. 1) , although the solubility of hydrogen feldspar HAlSi 3 O 8 (Paulus and Mü ller, 1988) in our IR results, should be examined. In view of the fact that the phase is anhydrous, the composition of our Rb-feldspar indicates the incorporation of an Al(Al 3 Si)O 8 component. The nal re nement was carried out adopting a scheme of solid solution towards this component. It has been suggested tentatively that as the 'excess-Al-component' the Al(Al 3 Si)O 8 end-member is introduced into anorthite megacrysts from island arc basalts (Kimata et al., 1995) . A negative correlation between Al-excess and Rb is shown in Fig. 3 , which implies the incorporation of this Al-excess end-member. The empirical formula for the Rbfeldspar in this study is thus estimated to be Rb 0.811 & 0.127 Al 1.059 Si 3.003 O 8 . Moreover, the H 2 O molecules in Rb-feldspars have been interpreted as contributing to the processes of (Al,Si) ordering (Teertstra et al., 1998a,b) . The deciency of total wt.% in the EMP analyses (Table 1) Rb-feldspar supported by the IR spectrum data (Fig. 2 ).
Structural refinement
The SHELXL-97 program was used for crystal structure re nement of the Rb-feldspar. The structure was re ned in the space group C2/m, and the starting atomic coordinates were taken from the structure of RbAlSi 3 O 8 (Gasperin, 1971) . Conventional re nements of diffraction data yielded reasonable interatomic distances and angles for the tetrahedral framework, but an agreement index (R) was very large (~10%) when all the re ections from 2 7082y were used. After omitting the re ections of higher angles (2y >508) because of the extreme weakness in these intensities, the R-value dropped drastically to 5.77% for Rb-feldspar. Moreover, after re ning based on the chemical composition determined by EMPA, the nal R factor achieved is 5.74% (Table 2) , introducing the occupancies of 'excessAl' at the M-site. Final positional and displacement parameters are given in Table 3 and selected interatomic distances and angles in Table 4 .
Structure description
Examination of Fig. 4 shows that the calculated ellipsoids are not greatly distorted from spherical. Therefore no attempt was made to re ne the structure using split atom positions, although no difference Fourier calculations were performed. Judging from the non-stoichiometryof the re ned crystal, the nal R-value (5.74%) is more reliable than that reported previously (7%) for disordered 
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Rb-feldspar (Gasperin, 1971) . Rubidium-oxygen distances are slightly larger than those reported by Gasperin (1971) , but no basic difference in topology has arisen between the two Rb-feldspars. The bond valence sum for the present Rb cation coordinated by nine O atoms is 0.950 bv, which is close to the S bv of 0.995 for previous Rbfeldspars (Gasperin, 1971) . The lower bond valence sum than found in previous works may be consistent with the lower Rb contents, 'excessSi' and H 2 O molecules observed by EMPA and IR methods. In nature, Rb-rich feldspars with the (Al,Si) ordered distribution are known as rubicline, analogous to microcline (Teertstra et al., 1998b (Teertstra et al., , 1999a . In the present Rb-feldspar, the mean T1 O and T2 O distances exhibit a highly disordered (Al,Si) distribution (Table 4) . The (Al,Si) distributions of the present Rb-feldspar calculated from T O bond lengths (Kroll and Ribbe, 1983) , namely Al/Si = 0.245/0.755 (T1 site) and Al/Si = 0.255/0.745 (T2 site), are similar in the ordering degree to those of the Rb-feldspar re ned previously (Gasperin, 1971) ; Al/Si = 0.251/0.749 (T1 site), Al/Si = 0.249/0.751 (T2 site). However, there are signi cant differences in the cell parameters between the Rb-feldspar in the present work and that of Gasperin (Table 5 ). The cell parameters of our Rb-feldspar are entirely consistent with those reported by other recent studies Koval'skii et al., 2000) . The differences between their chemical compositions may provide an explanation for the dissimilarity in cell parameters.
Geochemical implications
Most minerals in the Earth's upper mantle contain small amounts of structurally bound H. The OH concentration in each mineral species is variable, in some cases re ecting the geological environment of mineral formation (Bell and Rossman, 1992) . Reported analyses of feldspars in nature often include H 2 O molecules or (H 3 O) + ions entering the M site in the feldspar structure (Smith, 1983) . In particular, large cations such as K, Rb, Sr, Cs and Ba are frequently contained in feldspar structures capable of accompanying H 2 O molecules (Hofmeister and Rossman, 1985; Beran, 1986; Teertstra et al., 1998a,b,c) . The large non-tetrahedral site, normally occupied by K for sanidine, is well-suited to the site which probably holds the water (Beran, 1986) . The incorporation of H 2 O molecules into Rb-feldspar is ascribed to the &Si 4 O 8 substitution, because of the generation of a large vacancy in the M-site.
The early data suggesting that substitution of Rb for K restricts the degree of (Al,Si) ordering Brown and Altermatt (1985) from sanidine to microcline was reaf rmed by Afonina et al., (1979) . Smith (1983) 
Reference the (Al,Si) disordered distribution has been synthesized hydrothermally from the low albite with the (Al,Si) ordered distribution, Meanwhile, the original view has been put forward that diffusion of Rb + and nucleation in the &Si 4 O 8 -rich microcline leads to formation of rubicline with the (Al,Si) ordered distribution in the granitic pegmatite (Teertstra et al., 1998b) . Therefore it is unclear from the results above how Rb can retard the ordering process in the feldspar framework (Smith, 1983; Teertstra et al., 1998b) .
This study has two geochemical implications: (1) synthetic and natural feldspars composed of the larger M-cations tend to incorporate the water, &Si 4 O 8 end-members and excess Al; and (2) con rmation of synthetic RbAlSi 3 O 8 with (Al,Si) disordered distribution and discovery of (Al,Si) ordered rubicline in nature mean that both the (Al,Si) ordered and disordered frameworks of feldspars can accommodate the Rb cation.
